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Abstract 
 
The aim of this project was to develop two multifunctional alginate-based hydrogel film loaded with 
either gold or iron oxide nanoparticles, both functionalized with a peptidic RGD/LF platform in order 
to use them as scaffolds for tissue engineering. This strategy takes advantage of the mechanical 
properties and biocompatibility of alginate. Thus, bioactivity is introduced by the nanoparticles and the 
RGD and LF peptides, which have the capacity to promote cells adhesion and prevent bacterial 
infection respectively. To this end, this project consists in the preparation of the nanoparticles and their 
functionalization with an RGD/LF peptide and the incorporation of the nanoparticles into alginate 
hydrogels. The composite hydrogels were analyzed using several physicochemical techniques such as 
UV-visible spectroscopy, Fourier-Transform Infrared spectroscopy or Scanning Electron Microscopy. 
These techniques served to characterize the nanoparticles and the morphology of the hydrogel. 
Moreover, bacterial and cellular assays were performed to study the antibacterial and cells adhesive 
properties of the scaffolds.  
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Glossary 
TE – Tissue Engineering 
ECM – Extracellular Matrix 
RGD – Arginine-Glycine-Aspartic acid peptide 
LF – Lactoferrin-1-11 peptide 
CF – Carboxyfluorescein peptide 
NPs – Nanoparticles  
AuNPs – Gold nanoparticles  
Fe3O4NPs – Magnetite (iron oxide) nanoparticles   
SEM – Scanning Electron Microscope 
FTIR – Fourier Transform InfraRed spectroscopy  
CLSM – Confocal Laser Scanning Microscope 
PBS – Phosphate-Buffered Saline 
CFU – Colony Forming Unit 
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1. Introduction 
1.1. Motivation  
Tissue engineering (TE) is one of today’s most challenging areas in the biomedical field. The 
purpose of regenerative medicine is to replace or guide the regeneration of human tissues, such as 
bone, cartilage, skin or muscles for example. Improving TE will permit helping billions of people 
suffering and waiting for transplantation and donors. Indeed, it is an alternative to traditional 
transplantation, as tissue equivalents are delivered to damaged tissues. To do so, TE combines cells, 
biological factors and materials (Figure 1.1). In this way, those materials must be biocompatible, 
biodegradable, non-toxic, must mimic the properties of the natural tissues (mechanical, 
physiochemical and biological ones) and finally they must be bioactive. If materials are not bioactive, 
then biological factors are needed in order to allow cells attachment, proliferation, migration, and 
especially to maintain their viability. Moreover, antibacterial properties are also recommended in 
order to prevent bacterial infections. Finally, the aim of the present work is to prepare two 
multifunctional scaffolds with the ability to favour cells adhesion and proliferation as well as to be 
antimicrobial.  
 
Figure 1.1 - Schematic of the 3 units of TE 
To this end, two types of nanocomposite scaffolds will be composed of a biopolymer matrix (alginate) 
and metallic nanoparticles (NPs), either gold (AuNPs) or iron oxide nanoparticles (Fe3O4 NPs), 
functionalized with peptides as biological factors. Therefore, the goal is to synthesise a scaffold that 
TE
Materials
Biological 
factors
Cells
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will combine an affordable, sustainable and easy to produce biopolymer and the interesting properties 
of metallic NPs and peptides, to overcome the lack of bioactivity of alginate. Antimicrobial tests and 
cells viability assays will be made to demonstrate the bioactivity of the scaffolds. Moreover, several 
characterization techniques will be used. Indeed, the NPs and morphology will be characterized with 
UV-visible spectroscopy and SEM observation. Then the peptides conjugation on NPs will be studied 
with UV-visible spectroscopy and Infrared spectroscopy. Finally, the SEM images will also allow to 
observe the scaffold morphology The final motivation of the project is to implant those scaffolds loaded 
with cells in an injured tissue. 
1.2. Requirements  
1.2.1. Scaffolds: Hydrogels  
An ideal scaffold in TE would be fabricated using a biocompatible and biodegradable material with 
similar mechanical properties to the tissue where it will be implanted in and providing the necessary 
mechanical support for cells to proliferate and differentiate before transplantation back to the host. 
Moreover, engineered scaffolds should allow transport of active molecules to promote tissue 
formation but also allow the exit of waste metabolic products, reason why porosity is important. One 
of the biggest advantages of TE is that it does not depend on a donor which avoid wait and rejection 
issues. [1] 
Among the different materials that can be used as scaffolds, hydrogels, which are 3D polymeric 
networks with high water content, are receiving high interest because of their properties. They have 
high water content and show an interwoven structure that mimics that of the natural extracellular 
matrix rendering them favorable for live cell incorporation. Moreover, they can be easily functionalized 
or modified to replicate the physicochemical properties of most biological tissues. These unique 
features make hydrogels excellent environments for cell attachment and proliferation within their 
hydrated hydrogel networks, which offer abundant space for cell growth while facilitating the 
transportation of essential metabolites and nutrients to the encapsulated cells [2]. The hydrogels can 
also be used to deliver drugs, DNA or RNA fragments, sustained release for medications, angiogenic 
and growth factors and they offer a major role in pharmaceutical and tissue engineering fields. Thanks 
to these properties, hydrogels are being use in many applications from basic ones as contact lenses for 
example, to more technical ones as regeneration of cartilage or epithelial for example [3]. 
In order to form this 3D polymeric network, the polymer has to be crosslinked. Thus, it can be 
chemically crosslinked when the crosslinking results from chemical reactions. Then the 3D-network is 
made by covalent bonds between the units and is non-reversible. Diels-Alder, aldehyde-hydrazine, or 
oxime reactions for example can be used to lead to chemical crosslinking. Instead, physical crosslinks 
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are made because of weak interactions such as hydrophobic interactions or ionic interactions. 
Therefore, this 3D-network is reversible [2]. 
During this project, films (2D) will be prepared because they are easy to make and to characterize and 
also because they can be used as membranes. Indeed, a thin film can be applied directly to the injured 
tissues as a wound dressing  to treat burns, scars or wounds for example. Moreover, filaments (3D) will 
also be prepared for cell adhesion studies and for comparison purposes with 2D films. 
Finally, different types of polymers can be used to produce a hydrogel. Indeed, synthetic polymers 
(polymethylmethacrylate PMMA, polymethyl acrylate PMA or poly2-hydroxyethylmethacrylate 
PHEMA for example) or natural ones (gelatine, alginate, chitosan or hyaluronic acid for example) can 
be chosen. Obviously, it is better to use sustainable and biosourced materials as they show excellent 
biocompatibility [4]. Alginate, which comes from cells of brown algae, has been selected as it fulfills 
almost all the biomedical requirements, except the bioactivity. Its properties will be detailed below.  
1.2.2. Alginate  
Alginate is a polysaccharide made of a linear block copolymer of (1,4)-linked β-D-mannuronate (M) and 
α-L-guluronate (G) residues and so the blocks are made of consecutive G residues (GGGGGG), M 
residues (MMMMMM) and alternated M and G residues (GMGMGM) (Figure 1.2) The G and M 
residues content and block lengths differ depending on the alginate sources.  
 
 
 
 
 
 
 
 
 
 
Figure 1.2 - Chemical structures of G blocks and M blocks [5] 
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Alginate, as explained before is a natural polymer that comes from algae. Indeed, an alginate salt is 
obtained following the extraction from the algae by treatment with aqueous alkali solutions, then the 
filtration and finally the precipitation thanks to generally sodium or calcium chloride. It is then possible 
to transform the alginate salt into an alginic acid if the salt is diluted with hydrochloric acid . It is also 
possible to obtain an alginate with more defined chemical structures and physical properties by 
bacterial biosynthesis [6].   
Finally, this polymer is biocompatible, biodegradable, has a low toxicity and a low cost. It can also be 
sterilized. Moreover, the biggest advantage of alginate as a candidate for hydrogel film is its easy 
crosslinking. In fact, the ionic crosslinking is really simple with alginate as the addition of divalent cation, 
like Ca2+ for example, leads to the formation of bridges between the G units of alginate [7]. In this way, 
alginate hydrogel can be formed thanks to a calcium chloride (CaCl2) solution, which is a non-toxic 
solvent.  
Because all the  properties mentioned above, alginate has a lot of biomedical  applications . For 
exemple, in pharmaceutical applications to delivery small chemical drugs or proteins.  As wound 
dressings which have the advantage to keep the wound site moist, to minimize infection and so to help 
wound healing. Or as a scaffold for diferent tissues (e.g.  bones, cartilages, etc).  
Nevertheless, a drawback of alginate is its lack of bioactivity. So the addition of biological factors or 
other materials to provide biological properties is needed to permit cell interaction [8]. Thus, 
nanoparticles (metallic, ceramic) and peptides will be used to induce bioactivity.   
1.2.3. Nanoparticles 
A NP is a particle with a size in the range of the nanometer (< 100 nm). Those particles have a lot 
of advantages thanks to their size, as well as really good mechanical properties and a large surface area 
for example. Not all metallic NPs may have biomedical application, as they have to meet the following 
requirements: biocompatibility, lack of toxicity, and not be susceptible to passivation, corrosion and 
bioaccumulation [9]. But if they meet these requirements, then NPs can be incorporated as 
reinforcements into composites for example and a wide range of properties can be introduced, as 
electronic, optical or antimicrobial properties [9]. For hydrogels, nanomaterials also provide 
mechanical stability and a sufficient surface and surface chemical properties that facilitate cell 
adhesion, growth and migration. Two different NPs will be used during this project: gold NPs and iron 
oxide Fe3O4 (magnetite) NPs, which have magnetic properties. Those two are biocompatible, 
chemically stable and considered non-toxic.  
Multifunctional Scaffolds for Tissue Engineering   
  11 
Moreover, NPs can also be functionalized in order to be the support of peptides. But in addition to be 
their support, AuNPs and Fe3O4 NPs introduce their inner properties which are interesting for 
biomedical applications.  
1.2.3.1. AuNPs 
First of all, AuNPs are easy to synthesise and low cost.  Moreover, they present very good antibacterial 
and osteogenic properties [10].  
Indeed, the antibacterial properties of AuNPs have been demonstrated in a work made by Marek 
Piatkowski et al. [10] thanks to an agar slope assay. This work studied the resistance of bare chitosan, 
another natural polymer and chitosan loaded with AuNPs to S. Aureus and E.coli, which are the two 
bacteria most often responsible of skin wounds infection. The result was that chitosan loaded with 
AuNPs had an excellent antibacterial activity against the two bacteria. In fact, in the following pictures, 
a larger inhibition zone around the samples with AuNPs (Figure 1.3, samples 3, 4 and 5) can be observed 
in comparison to the inhibition zone around the sample without AuNPs (Figure 1.3, samples 1 and 2). 
 
 
 
Figure 1.3 - Pictures of the inhibition zone of chitosan samples without AuNPs (1,2) and with (3,4,5) against S.aureus (A) and 
E.coli (B) [10] 
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Then for the osteogenic properties, a study made by Dong Nyoung Heo et al. [11] does show that 
AuNPs have a positive effect on the osteogenic differentiation of mesenchymal stem cells (MSCs). It 
also compares the osteogenic properties of AuNPs to the ones of bone morphogenic proteins (BMPs) 
that also promote the regeneration and repair of bones. The most significant result of this study is the 
comparison of the recovery of bone area of a rabbit calvaria after an implantation of hydrogel, hydrogel 
with BMP and hydrogel with AuNPs (Figure 1.4). Therefore, this study highlights the osteogenic 
properties of AuNPs, as the rabbit bone is even more repaired than to AuNPs than thanks to BMP, 
which is known for its beneficial osteogenic effect.  
1.2.3.2. Fe3O4 NPs 
Iron oxide (Fe3O4) nanoparticles are very interesting in biomedical applications because their 
biocompatibilty but also because of their strong magnetic properties. For exemple, Fe3O4 NPs can be 
organized and aligned by applying a magnetic field during the hydrogel crosslinking. This ability has two 
major advantages. Firstly, an organized structure induces anisotropy in the scaffold, which will be 
similar to the native tissues. In fact, tissues are also organized and this anisotropy leads to good 
mechanical properties. Thus, it is interesting to recover this anisotropic organization during tissues 
regeneration. And second, an aligned structure will favour the alignment of incorporated cells in 
certain directions.  
Figure 1.4 – 3D scan images of rabbit calvaria after 4 and 8 weeks of implantation, and recovered bone area of the defected 
sites [11] 
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The scheme below illustrates an isotropic (Figure 1.5.a) and anisotropic hydrogel and the organization 
of NPs under a magnetic field (Figure 1.5.b).   
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
The magnetic properties of Fe3O4 NPs and their interesting applications in TE have been demonstrated 
in the work of Sandra Araújo-Custódio et al. [12]. They worked on the organization of hydrogels loaded 
with cellulose nanocrystals decorated with magnètic nanoparticles then coated with polydopamine. 
They firstly demonstrated that a low magnetic field (108 mT) can align the NPs along the magnetic field 
direction as can be observed in Figure 1.6. Anisotropic hydrogels with an organized structure are well 
visible in contrast to isotropic hydrogels.  
  
Figure 1.5 – a: Schema of isotropic and randomly organised film; b : Representation of the preparation of anisotropic and 
organised hydrogel films, adapted from the work of Sandra Araujo-Custodio [12] 
Alginate hydrogel 
NPs in dispersion 
Magnetic alignement of NPs 
Crosslinking 
Anisotropic hydrogel 
loaded with NPs 
A 
B 
Isotropic hydrogel 
loaded with NPs 
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Moreover and due to the alignment of the magnetic nanoparticles cells growth can be directed along 
the same direction than NPs  as it can be observed in Figure 1.7 [12].  
 
 
 
 
 
 
 
 
 
 
Figure 1.6 - SEM images of isotropic and anisotropic freeze-dried hydrogels with 0.1, 0.2, 
0.3, and 0.5 wt % nanoparticles (scale bar = 10 μm) [12] 
Figure 1.7 - Confocal images of anisotropic and isotropic hydrogel 
with hASCs [12] 
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Figure 1.8 – Formula of the RGD-SH-LF peptide, with in Brown the spacer, in blue a branching unit and in green the 
anchor group. [15] 
1.2.4. Peptides 
As previously mentioned, bioactivity must be introduced in the alginate-based hydrogel in order 
to have a biofunctional scaffold. To this end, bioactive peptides may be incorporated in the hydrogels 
[13]. Some peptides have interesting biological properties, such as the arginine-glycine-aspartic acid 
(RGD) peptide sequence  and lactoferrin-1-11 (LF), which will be used during this project. These two 
peptides have different bioactive advantages for TE and have been chosen to confer with different 
properties to the composite scaffolds. RGD is a peptide sequence that promotes cells adhesion and 
found in proteins of the Extra Cellular Matrix (ECM). Thus, it is the most common ligand used to support 
cells adhesion. LF is an iron-binding glycoprotein of the transferrin family, which comes from the 
glandular cells. This protein is produced during the inflammatory process when the blood or the tissues 
are infected. In fact, lactoferrin has antibacterial properties and anti-microbial activities against several 
microorganisms such as bacteria or viruses for example [14]. In this work, we will use a peptide 
spanning residues 1 to 11 of lactoferrin, a region that has been described to be responsible for the 
antibacterial properties of the protein [15]. Peptides will be introduced in the alginate hydrogel 
through NPs. Indeed, a peptidic platform containing both RGD and LF will be conjugated with AuNPs 
and Fe3O4 NPs. The functionalized NPs will be then incorporated in the alginate hydrogel. It is also 
possible to directly functionalize the alginate with peptides, but here the aim is to combine the 
properties of both peptides and nanoparticles.  For AuNPs, a thiol group will be used as an anchor 
group, while for Fe3O4 NPs 3,4-dihydroxyphenylalanine (DOPA) will be used instead. In fact, thiol groups 
have high affinity to gold but not to iron oxide, but DOPA does. Spacers will also be used in order to 
ensure the correct accessibility and geometry of  the peptides. Figure 1.8 represents the RGD/LF-SH 
architecture, which will be conjugated with AuNPs and this figure comes from the work of Hoyos-
Nogues et al. [15]. 
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1.3.  Objectives  
The general aim of this project is the preparation and characterization of a new family of 
multifunctional composite materials made of alginate hydrogels and incorporating two different 
nanoparticles  (either gold,  or iron oxide) and functionalized with two peptides (RGD and LF) to confer 
the composite with antibacterial and cell adhesion characteristics. The specific objectives of this work 
are firstly to synthesize the NPs and to characterize them. Then this project consists in the 
functionalization of NPs (AuNPs and Fe3O4NPs) with an RGD/LF peptidic platform and the 
characterization of the conjugated NPs. The last objective is finally to prepare alginate hydrogels loaded 
with the bare NPs or the functionalized NPs. Then an important part of this project will focus on the 
biological and physical characterization of all composite hydrogels obtained.   
Multifunctional Scaffolds for Tissue Engineering   
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Figure 2.1 - AuNPs synthesis following the Turkevich method [17] 
2. Experimental Section 
2.1. Synthesis of AuNPs  
The protocol to synthesise AuNPs has already been established and optimized by BBT in a previous 
project [16] and follows the Turkevich Method, which is a method developed in 1951 by J. Turkevich 
and presented in the work of D. Astruc et al. [17]. In this work, the following reaction can be found 
(Figure 2.1).   
𝐻𝐴𝑢𝐶𝑙4 +  𝑁𝑎3𝐶𝑡 → 𝐴𝑢𝑁𝑃′𝑠 
 
        With  
 
 
Thus, tetrachloroauric acid (HAuCl4) (Aldrich, 254169-500MG) is reduced in aqueous solution by 
sodium citrate tribasic hydrate (Na3Ct) (Sigma-Aldrich, 25114) at 100°C. Sodium citrate has two key 
roles, which are reducing and capping agent to improve AuNPs stabilization.  
This method has a lot of advantages. Firstly, it is a simple and low cost method. Then, it is possible to 
control the final size of NPs as the size depends on the citrate-to-gold ratio. If the concentration of 
tetrachloroauric acid is high then small NPs are obtained and vice-versa [17]. 
A solution of 10 mg of tetrachloroauric acid into 100 mL of distilled water is heated at 100°C under 
reflux and magnetic stirring. After that, 3 mL of a 1 wt.% solution (100 mg of sodium citrate were 
dissolved into 10 mL of distilled water) were first warmed and then added to the tetrachloroauric acid. 
The reaction took place during 30 minutes. 
2.2. Functionalization of NPs 
2.2.1. Synthesis of peptides  
The peptides were synthesised by researchers at the BBT group stepwise by solid-phase peptide 
synthesis (SPPS) and as described elsewhere [15]. SPPS consists of successive reactions of amino acid 
derivative on a polymeric support which is insoluble and porous, as schematized in the Figure 2.2 [18]. 
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Therefore, the amino acid group is temporarily blocked to prohibit the peptide bond formation and 
will be deprotected before the next synthesis cycle. In this way, the peptide chain is obtained by 
reiteration of the synthesis cycle. Then the side-chain protecting group are removed and the peptide 
cleaved off the solid support . This approach permits unreacted reagents to be removed without loss 
of product by washing after each reaction as the peptide is attached to the solid support.  
The blocking group used for blocking the amino group determines the synthesis chemistry employed 
and the nature of the side-chain protecting groups. Here, SPPS was performed following the Fmoc/tBu 
strategy and using Rink AmideChemMatrix® resin as a solid support. The detailed synthetic protocol 
has been described and is represented in the work of Hoyos-Nogues et al. [15]. 
2.2.2. Functionalization of AuNPs  
The aim is to functionalize AuNPs with RGD-SH-LF, with a thiol group (-SH) as an anchor as it has a high 
affinity to gold. Firstly, AuNPs were functionalized with a RGD-SH peptide, a carfoxyfluorescein CF-SH 
and then a LF-peptide in order to optimize the process of functionalization before using the RGD-SH-
LF platform. The CF-SH will also be used as a fluorescent tag in order to check the peptide presence 
Figure 2.2. - General Scheme for Solid Phase Peptide Synthesis [18] 
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later during characterization and to discuss the functionalization process efficiency. The Figure 2.3 
sums up the different peptides used to functionalized AuNPs.  
 
 
 
 
 
 
 
 
 
The developed protocol is the same for all peptides. First, 1 mg of peptide is dissolved in 1 mL of distilled 
water. Then, the 1 mL peptide solution is added to 10 mL of AuNPs suspension under magnetic stirring 
during 15 minutes at room temperature. The final concentration of the peptide is 37 µM. After that, 
the suspension was dialyzed to eliminate the peptide excess. To do so, the suspension was put into a 
14 kDa dialysis tubing cellulose membrane and immersed in a 2 L bath of 1 mM sodium citrate. The 
dialysis run 24 hours under magnetic stirring. The sodium citrate bath was changed at least 3 times. 
Figure 2.4 shows the dialysis experimental set up and was the same for all peptides, RGD-SH, CF-SH 
and RGD/LF-SH. The dialysis of the AuNPs suspension functionalized with CF-SH was covered with 
aluminium to protect the NPs from the light and to conserve their fluorescent properties. 
CF 
Figure 2.3 – Schematic of the 4 different peptides used to functionalized AuNPs 
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2.2.3. Functionalization of Fe3O4 NPs  
The Fe3O4 NPs powder (Aldrich, 637106-25G) was directly functionalized with the RGD/LF-DOPA 
platform. First, a 10 mg/L iron oxide suspension was prepared. After that, 450 µL of a 500 µM peptide 
solution was added to 6 mL of the previous magnetite dispersion during 15 min and under vigourous 
stirring (Figure 2.5). The final peptide concentration is 37 µM. In this case, dialysis is not needed as the 
NPs have magnetic properties and can be kept in the beaker by attracting them with a magnet. In this 
way, NPs can be washed to remove the excess of peptides.  
 
 
 
 
 
 
 
 
Figure 2.4 - experimental set-up of the dialysis after functionalization of AuNPs 
Figure 2.5 - Photo of the set-up to functionalize Fe3O4NPs with RGD/LF peptide 
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2.3. Preparation of alginate films loaded with NPs  
Bare alginate films were prepared by the drop casting method. First, a 3,4 wt.% solution was prepared 
by dissolving 0,170 g of alginic acid sodium salt into 5 mL distilled water. After that, the solution was 
put into the speed mixer during 5 min at 3500 rpm to properly dissolve the alginate powder and avoid 
bubbles. Then, 0,1 g of the alginate solution was dropped onto glass slide (4 cm2) to control the film 
thickness (Figure 2.6).  
 
 
 
Around 5 minutes are then needed in order to have the alginate homogeneously dispersed. Finally, the 
glass slide was immersed in a 0.1 M calcium chloride CaCl2 solution for 2h to crosslink the alginate and 
obtain the hydrogel.  
2.3.1. AuNPs-loaded hydrogels  
The same protocol than before was used to prepare the AuNPs-loaded alginate hydrogels. The 
difference is that alginate sodium salt was dissolved in either the AuNPs or functionalized AuNPs 
suspension instead of distilled water. Different films were prepared as summed up in the Table 2.1.  
 
Table 2.1 - Summary of the different alginate-based hydrogel films loaded with AuNPs 
Film mAlginate (g) Vdistilled water (mL) VAuNPs solution (mL) 
Bare Alginate 0,170 5 0 
Alginate + 3 mL AuNPs 0,170 2 3 
Alginate + 5 mL AuNPs 0,170 0 5 
 
2.3.2. Fe3O4 NPs-loaded hydrogels  
Hydrogels containing Fe3O4 were prepared by mixing  either Fe3O4 or functionalized Fe3O4 powder with 
sodium alginate and dispersed in 5 mL of distilled water. The dispersion was put into the speed mixer 
Glass slide 
4 cm² square  
Figure 2.6 -  Schema of the film template 
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during 5 min at 3500 rpm to homogeneously disperse the Fe3O4 powder into the alginate. The Fe3O4 
nanopowder has been added at several wt. %. The calculations have been made only in comparison to 
the weight of the alginate powder and not the weight of the alginate and the water (Table 2.2). 
 
Table 2.2 - Summary of all the alginate-based hydrogel films loaded with Fe3O4NPs without magnetic field 
Film mAlginate (g) mFe3O4NPs (g) Vdistilled water (mL) 
Alginate + 0,5 wt.% Fe3O4NPs 0,170 0,000 85 5 
Alginate + 2 wt.% Fe3O4NPs 0,170 0,003 4 5 
Alginate + 5 wt.% Fe3O4NPs 0,170 0,008 5 5 
Alginate + 10 wt.% Fe3O4NPs 0,170 0, 017 5 
 
2.4. Biological characterization 
2.4.1. Antimicrobial properties   
As mentioned before, antibacterial properties are essential to produce a functional scaffold. Therefore, 
in order to analyze the antibacterial properties of the scaffolds, two different types of bacterial viability 
assays were performed, Live/Dead assay and bacterial adhesion assay. The sample preparation was 
the same for both assay and the media preparation too.  
The sample preparation had to be adapted to the assay. Indeed, the sample had to fit into a 24-well 
plate. Thus, one bigger hydrogel film had been produced and then round pellets that fit into the plate 
had been cut. For example, to produce a 3,4 % wt. bare alginate hydrogel, 0,170 g of alginate are mixed 
with 5 mL of distilled water, all the amount is poured into a crystallizer with a diameter of 9 cm and 
then crosslinked with CaCl2 during 1 hour. Finally the hydrogel film obtained can be cut with a metallic 
puncher.  
The media preparation was also the same for each assay. Indeed, the media was prepared from a 250 
mL solution of 9,25 g of a Hearth Infusion Broth (BHI) powder (Scharlau, 02-599-500). Then the medium 
was put at the autoclave for 2 hours and after that, under sterile conditions, a colony of S.aureus was 
introduced into around 10 mL of filtered BHI and the obtained media was after inoculated overnight 
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at 37°C. Prior to the assay, the Optical density of the bacteria was adjusted to 0.2, giving a 
concentration of approximately 108 colony forming units (CFU)/mL.  
The next day, the samples have to be sterilized by staying in ethanol during 30 minutes. Then they were 
washed 3 times with Phosphate-Buffered Saline PBS (Gibco, PBS Tablets) and incubated with 50 µL of 
a the bacterial suspension at a Optical density of 0.2 for 4 hours at 37°C.  
2.4.1.1. Bacterial adhesion assay 
A medium(BHI)-agar is used to make the bacterial adhesion assay. Thus to produce 500 mL, 18,5 g of 
BHI and 7,5 g of agar were mixed and then the solution was put into the autoclave for 2 hours. With 
this amount of medium-agar, around 20 plates can be made. After the incubation period of the samples 
with bacteria is finsihed (4h), the samples were washed 3 times with PBS. Then 1 mL of PBS was added 
to each sample and the well-plate was put in the ultrason bath for 2 minutes to detach the bacteria 
adhered to the samples. Therefore, the media for each condition contains the bacterias remaining in 
the sample. Then this media is used to prepare 4 different dilutions (named dilution 1 to dilution 4) 
Dilution 1 is the reference and is made by taking 100 µL of the solution containing the bacteria 
detached from the sample. Then the following solutions were prepared by diluting 10 times the 
previous one. Thus, 100 µL of dilution 1 were taken and added into the 900 µL of PBS to make dilution 
2 and so forth. Finally, 5 µL of each dilution were seeded on the agar plate by triplicate. Then the agar 
plates are incubated overnight to let the CFU to grow in order to count them after. The Figure 2.7.a 
represents an agar plate after incubation and the Figure 2.7.b shows closer a CFU. The number of 
CFU/cm² can be obtained according to the dilution by counting the CFU on each square.   
 
 
 
 
 
 
 
Figure 2.7 – a: Agar plates after the bacterial assay ; b: Closer look on a CFU 
A B 
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2.4.1.2. Live/Dead Assay  
After 4h of incubation, samples were changed to another well-plate and washed 3 times with PBS. 
Then the bacteria were fixed with 200 µL of a glutaraldehyde/PBS solution for 1h at 4°C. The 
glutaraldehyde/PBS solution was made with 10% of glutaraldehyde and 90% of PBS, to give a 
glutaraldehyde concentration of 2.5%. After that, the samples were washed another 3 times with PBS 
and finally they were stained for fluorescence microscopy observation. The dyes used are from the 
LIVE/DEAD™ BacLight™ Bacterial Viability Kit (ThermoFisher) and are made of SYTO and propidium 
iodide. SYTO is a green-fluorescent nucleic acid that will stain all bacteria and propidium iodide is a red-
fluorescent nucleic acid that will stain only bacteria with damaged membranes. 2 µL of the dyes 
solution were mixed with 2 mL of PBS and then 100 µL of this solution were added to each sample. The 
well plate was finally covered to protect samples from light during 10 minutes. Finally, the samples 
were washed with PBS and visualized under the microscope. 
2.4.2. Cells viability  
Cell viability is also essential in order to produce a functional scaffold, as it must be viable for cells. 
Osteoblast-like MG 63 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% of PBS, 2% of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1% 
of L-glutamine and 1% of penicillin/streptomycin antibiotics in an incubator with humidified 
atmosphere of 5% CO2 in air at 37C. HEPES is used as a buffer to maintain physiological pH and 
penicillin/streptomycin antibiotics to prevent bacterial contamination. The culture medium was 
exchanged every second day. Upon confluence the cells were detached with a minimum amount of 
trypsin that was inactivated with Fetal Bovine Serum (FBS) after 5 min into the centrifuge at 300 RCF. 
2.4.2.1. 2D samples 
A cell adhesion assay was performed on 2D filmsof 8 mm diameter. Bare alginate and alginate 
containing non-functionalized and functionalized NPs were studied. A solution of 50 000 cells/mL was 
prepared. 
Two media were used for cells attachment assay, the one previously explained and one without PBS 
(DMEM supplemented with 2% HEPES, 1% L-glutamine and 1% penicillin/streptomycin antibiotics). As 
FBS helps cells adhesion, using a media without it will permit to highlight the inner scaffolds capacity 
to promote cells attachment.  
For the preparation of cell seeded hydrogels samples, samples of each condition were put in a well-
plate and each sample were incubated with 0,5 mL of a 50 000 cells/mL solution (i.e. a total of 25 000 
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cells). Then the well-plate was put in the incubator at 37°C for 6 hours. After that, for immunostaining, 
each sample was washed with PBS and cells fixed with a paraformaldehyde (PFA) solution for 15 
minutes. Finally, each sample was washed 3 times with PBS. Afterwards, each sample was covered with 
a solution of Alexa Fluor 546 phalloidin with permeabilization solution in 1:300 proportion. The 
permeabilization solution is made of triton X-100 and PBS in 1:2000 proportion. Permeabilization is 
needed for the stains to go through the cell skeleton. Finally, a solution of washing solution is made of 
glycine and PBS in 1:666 proportion and is mixed with 4′,6-diamidino-2-phenylindole (DAPI) in 1000:1 
proportion. 250 µL of this solution was added to each sample in order to make the nuclei fluorescent. 
Indeed, DAPI is a fluorescent stain that will stain the nucleus in blue.   
2.4.2.2. 3D samples  
A proliferation assay was also performed on 3D filaments. Again, bare alginate and alginate containing 
non-functionalized and functionalized NPs were studied. In this case, cells were incorporated inside 
the filaments and not seeded as in the case of 2D films.  
As cells are directly incorporated in the 3D samples and in order to avoid bacterial growth in biological 
assays, all materials must be sterilised. Therefore, alginate-based hydrogels loaded with NPs and 
functionalized NPs were produced and then freeze-dried and lyophilized to obtain a powder. To 
produce 1 g of filament, 0,030 g of each condition were immersed in ethanol and then dried. Next, 
powders of each condition were dissolved in a media with 1 000 000 cells/mL and filaments were 
crosslinked directly in a well-plate with CaCl2. Plastic pots and syringes were also sterilized with ethanol.  
Samples were maintained in usual media and stocked in the incubator at 37°C for only 4 hours. The 
Figure 2.8 shows a well-plate with filaments in media.  
 
 
 
 
 
 
 
 
Figure 2.8 - Picture of a 12 well-plate with alginate-based filaments loaded with 
functionalized or not NPs and cells 
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Then samples were characterized by confocal observation with Live/Dead method or fluorescence 
reading. For Live/Dead staining, around 1 cm filament samples of each condition were stained with a 
solution of calcein, which is a green-fluorescent nucleic acid that dyes all cells, and propodium iodide, 
which is a red-fluorescent nucleic acid that dyes all damaged cells membranes.  
For fluorescence reading, each filament was covered with alamar blue cell viability reagent, which is a 
ready-to-use resazurin-based solution with a blue colour, mixed with the media in 1:10 proportion. 
Then the well-plate was incubated at 37°C for 1.5 hours. Afterwards, the supernatant of each well is 
collected and pipetted in a 96-well black plate. Triplicates of each well are measured. 
For this assay, the fluorescence will be measured after several days. As cells are stained with a 
fluorescent dye, fluorescence intensity will reveal cells presence and we will be able to see if cells 
proliferate or not. The proliferation was studied the first day of incubation and after 1, 3, 7 and 14 days. 
Finally, the plate is put on a fluorescence-based plate reader to measure the fluorescence at each time.    
2.5. Characterization Methods  
2.5.1. SEM  
The Scanning Electron Microscopy (SEM) is a technique able to produce sample images with a high 
resolution by scanning the surface with a focused beam of electrons. By the use of electrons instead of 
a light beam, this probe can give three-dimensional images of the zone observed of the sample by 
analyzing the different particles point by point resulting from the interactions between the beam and 
the sample with secondary or backscattered electrons for instance. The electron beam is generated 
thanks to an electron gun which is able to accelerate the electrons at a precise voltage. Electromagnetic 
and focusing lenses both guide and focus the beam to the sample, which can be placed in a high or low 
vacuum chamber. The machine used is the Phenom XL, Phenom World, Thermo Fisher Scientific with 
the software Phenom World ProSuite. It was used in secondary electrons mode with a voltage in the 
range  2-15 kV.  
To observe the hydrogels both on surface and cross-section by SEM, they were frozen with liquid 
nitrogen and then lyophilized during 24 hours. After that, the samples were fixed on a carbon tape, 
and electrically connected to the carbon with silver paste. Finally, the samples were coated with carbon 
by vapour deposition.     
The aim of the SEM utilisation is to characterize the hydrogel and NPs morphology.  
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2.5.2. FTIR  
Fourier Transform infrared spectroscopy (FTIR) is a technique that identifies functional groups thanks 
to an infrared beam. This beam is sent to crystal with a high refractive index, and the internal reflection 
of the beam creates an evanescent wave that transmits into the sample in direct contact with the 
crystal. Thus, an infrared spectrum is obtained and results from the different absorption energies of 
the sample. In this way, the presence of characteristic groups that form alginate and the peptide 
sequences for example can be revealed. The spectrometer used is the Nicolet 6700 FT-IR. The  hydrogel 
films were lyophilized during 24 hours before their analysis to remove the water.  
2.5.3. UV-visible spectroscopy 
The UV-visible spectroscopy is a technique based on absorbance or transmittance principles. Indeed, 
the bonding and non-bonding electrons contained in molecules can absorb the ultraviolet and visible 
light used to excite them. Each wavelength of absorbed light is representative of a bond. The 
spectrophotometer mesures the intensity of light after passing through a sample and when divided by 
the intensity of light before passing through the sample, the transmittance is obtained. The radiation 
source is most of the time a tungsten filament or a deuterium arc lamp.  UV-visible spectroscopy can 
be used either with liquid or solid but in this case an integrating sphere is needed. The equipment used 
is the NIR Shimadzu 360 in the absorbance mode. A range from 1000 nm to 300 nm is covered. The slit 
width is 2 nm and the detector is in direct mode. The software used to the UV-visible spectra is UVProbe 
2.31. Sodium citrate solution is used as a reference.  
The aim of the UV-visible utilisation is to characterize the AuNPs, thanks to their optical properties and 
characteristic color, and to demonstrate the functionalization of AuNPs.  
2.5.4. Confocal microscopy   
A confocal Laser Scanning Microscope (CLSM) is a microscope used in a fluorescent mode and based 
on the principle of fluorescence instead of the absorption and reflection of visible light, as conventional 
optic microscopes. Fluorescence light is a light that is emitted after a few nanoseconds by a particle or 
substance, which has absorbed light or electromagnetic radiation. In most of the cases, the emitted 
light has a longer wavelength than the wavelength of the absorbed radiation or light. So, the emitted 
light has a lower energy. CSLM is a technique often used with biological samples that are auto-
fluorescent or treated with fluorescent dyes to make them visible. The microscope used is the Carl 
ZEISS LSM 800 in the confocal mode. 
The aim of the CLSM utilisation is to demonstrate the presence of the CF peptide used as a tag to verify 
if the functionalization process is successful or not. CLSM will also be used during bacterial viability 
  Report 
28   
assays, cells adhesion assay for immunostaining of 2D samples and finally during cells proliferation 
assay with 3D filaments.  
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3. Results and Discussion  
3.1. Characterization of NPs 
3.1.1. AuNPs 
3.1.1.1. SEM  
AuNPs were synthesised as already explained in the experimental section. Briefly, after mixing HAuCl4 
and sodium citrate, the solution immediately turned from transparent to red. After 30 min of reflux, 
the solution with a wine red colour was stopped. Figure 3.1. shows a SEM image of the AuNPs and as 
it can be observed nanoparticles are spherical with a particle size around 16 nm and quite 
monodisperse. .   
 
 
 
 
 
 
 
 
 
 
 
3.1.1.2. UV-visible  
After that, nanoparticles were analyzed by UV-Vis spectroscopy and the absorption spectra obtained 
is presented in the Figure 3.2. 
Figure 3.1 - STEM image of AuNPs 
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Figure 3.2 – UV-visible absorption spectra of the AuNPs solution 
As observed in Figure 3.2, the UV-vis spectra of the AuNPs dispersion presents a narrow peak centered 
at 522 nm which is the characteristic absorption band of AuNPs. Indeed, according to the literature, 
the absorption peak of 16 nm diameter AuNPs is in the visible region around 520 nm [17]. In fact, the 
optical properties of AuNPs are related to the shape, the size and the aggregation of the NPs [19]. Thus 
results are in agreement with the previous SEM image. 
Moreover, it is also worth mentioning that this 16 nm AuNPs will be considered non-toxic as the toxicity 
is linked to the dimension of the NPs. Thus, NP is said non-toxic if the diameter is above 15 nm [10]. 
Thanks to the UV-visible spectrum of the AuNPs, the concentration of AuNPs can be calculated 
following the fast method provided by Haiss [20]. The equation below has been established in order to 
determine the concentration of uncoated spherical NPs and relate the coefficient of extinction 𝜀450  at 
the wavelength of 450 nm to the absorbance at this same wavelength 𝐴450   
𝑐 =
𝐴450 
𝜀450 
 
The absorbance is obtained with the spectrum and the coefficient of extinction is tabulated and its 
value is 𝜀450 = 2,67 ∗ 10
8𝑀−1𝑐𝑚−1. The absorbance extracted from the spectrum is 𝐴450 =
0,577 𝑎. 𝑢. and so the concentration of the AuNPs dispersion is 2.16 nM.  
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3.1.2. Fe3O4NPs 
Fe3O4NPs were analysed by SEM. As it can be observed in Figure 3.3 nanoparticles are quasi spherical 
with a particle size of 100 nm aproximately. Moreover, they are homogeneous in size meaning that 
size distribution is very narrow. Fe3O4NPs were not characterized by UV-Vis because they don’t show 
plasmon resonance like gold metal.  
 
 
 
 
 
 
 
3.2. Characterization of functionalized nanoparticles  
3.2.1. UV-visible   
AuNPs were conjugated with RGD, LF and RGD/LF peptides as explained in the experimental section. 
Directly after mixing the AuNPs dispersion with the LF and RGD/LF peptides solutions, the red wine 
color turned to purple. The purple colour became slightly purple until becoming almost transparent by 
the end of the 15 minutes of stirring. The evolution of the colors of the AuNPs-LF and AuNPs-RGD/LF 
dispersions are visible on the Figure 3.4, Figure 3.5 and Figure 3.6. 
 
 
 
 
Figure 3.3 - SEM images of Fe3O4NPs 
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Figure 3.4.- Purple colour at t=0 min of a: AuNPs-RGD/LF, b : AuNPs-LF  
Figure 3.5.- Slight purple colour at t1/2 of a: AuNPs-RGD/LF, b : AuNPs-LF  
Figure 3.6.- Almost transparent colour at tf of a: AuNPs-RGD/LF, b : AuNPs-LF  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If a closer look to the AuNPs-LF dispersion is taken, a transparent dispersion with black NPs aggregates 
is observed (Figure 3.7.a). After dialysis and sonication the purple color was not recovered. On the 
contrary, a fully transparent dispersion is obtained and presented in the Figure 3.7.b. For AuNPs-
RGD/LF dispersion, NPs were also aggregated.  
 
A B 
A B 
A B 
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Figure 3.7 - a: dialysis membrane with aggregated AuNPs-LF before dialysis, b: AuNPs-LF after dialysis and 
sonication 
 
 
 
 
 
 
 
Then the AuNPs conjugated with RGD, LF and RDG/LF were characterized with UV-visible spectroscopy 
and compared to the bare AuNPs in order to discuss the conjugation. The results are presented in the 
Figure 3.8 below.  
 
Figure 3.8 – UV-visible absorption spectra of the bare AuNPs dispersion and the ones functionalized 
As previously seen, the bare AuNPs presents an absorption peak at 522 nm. Therefore, as a first result, 
the absorption peak of AuNPs-RGD is at 526 nm and so is shifted to higher wavelengths. This red-shift 
is characteristic from the conjugation of AuNPs according to the litterature and the work of Hosta-
Rigau et al. [21]. Indeed, as explained in the experimental section, a thiol group (-SH) is used to 
conjugate the peptide to AuNPs. Thus, thiolate ligands are created around the NPs and these shells 
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Figure 3.9. - a: bare AuNPs image from CLSM, b: AuNPs-CF image from CLSM 
alter the NPs environment. Then the AuNPs-RGD reflect differently the light, which leads to this red-
shift [21]. 
Then the AuNPs-LF dispersion does not present any absorption curve and the AuNPs-RGD/LF 
dispersion does not present an absorption peak, neither the characteristic peak of AuNPs or the 
characteristic peak of functionalized AuNPs. This last result is in agreement with the tendency of the 
AuNPs-LF and AuNPs-RGD/LF to aggregate. One possible explanation would be that sodium citrate 
reacted with the LF peptide and that this reaction leads to aggregation of the NPs.    
3.2.2. Confocal microscopy  
Moreover, AuNPs were also functionalized with a peptide labelled with a fluorescent tag (CF) as 
explained in the experimental section, which is used as a fluorescent marker. The presence of this 
fluorescent tag was studied with a confocal microscope, to verify the efficiency of the functionalization. 
Bare AuNPs, which are not fluorescent, were used as a reference. The images resulting from confocal 
observation of bare AuNPs and AuNPs-CF are presented below (Figure 3.9) 
 
 
 
 
 
 
 
 
 
Green fluorescence was observed on the images of the bare AuNPs as well as AuNPs-CF. Indeed, AuNPs 
image presents a totally green background. Moreover, the AuNPs-CF image (Figure 3.9.b) shows a 
green background with dots and also bacteria. These results are thus inconclusive as bare AuNPs are 
not supposed to present fluorescence and bacterial contamination has been detected. These samples 
thus will be discarded, and new measurements done.  
A B 
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Figure 3.9. - a: bare AuNPs from a new synthesis image at CLSM, b: filtered AuNPs-CF image at CLSM 
Figure 3.10.. - a: new synthesised AuNPs image from CLSM, b: filtered AuNPs-CF image from CLSM 
In order to ascertain (and avoid) the origin of the bacterial contamination, a new batch of AuNPs was 
synthesised and observed with confocal microscope in the same conditions. Moreover, AuNPs-CF were 
filtered to assess whether the fluorescence was only due to the CF peptide or contaminating bacteria. 
The images resulting from confocal observation of the new synthesised bare AuNPs and filtered AuNPs-
CF are presented below (Figure 3.10). 
 
 
 
 
 
 
 
 
Of note, bare AuNPs freshly synthesised showed no fluorescence (Figure 3.10.a) which means that the 
green fluorescence previously observed was due to a contamination.  
In the filtered AuNPs-CF samples, there are still some remaining bacteria but much less than before. 
This means the filtration process partially worked. Interestingly, the background still presents 
fluorescence, with some defined dots, which can be attributed to the NPs-CF. We can conclude 
therefore that the CF peptide is well attached to AuNPs and so that the conjugation process is efficient.  
3.3. Characterization of alginate films loaded with NPs  
3.3.1. FTIR  
The FTIR curves for bare alginate, alginate with AuNPs-RGD/LF and Fe3O4NPs-RGD/LF samples are 
presented in the Figure 3.11.  
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Figure 3.11 – Comparison of FTIR spectra of bare alginate hydrogel and alginate hydrogels loaded with 
functionalized NPs 
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All spectra present peaks corresponding to alginate. Indeed, the band around 1033 cm-1 corresponds 
to C-O-C stretching mode and the one around 1080 cm-1 to C-O stretching vibrations. Moreover, the 
peaks at 1417 cm-1 and 1600 cm-1 are respectively attributed to symmetric and asymmetric stretching 
of carboxyl groups. The cited groups and assigned bands are illustrated in the Figure 3.11. and Figure 
3.12. 
 
 
 
 
Figure 3.12. – Alginate idealized structure with specific groups highlighted, adapted from [7] 
No significant differences are observed between pure alginate and alginate loaded with the 
functionalized NPs. The presence of peptides is not observed as the amount added in the hydrogels is 
very small to be detected by FTIR. On the other hand, a band at 3357 cm-1 is observed in the Fe3O4NPs-
RGD/LF sample, which corresponds to hydroxyl groups. Water remained in this sample.  
3.3.2. SEM 
The cross sections of the different hydrogels - bare alginate, alginate/ AuNPs, alginate/AuNPs-RGD/LF, 
alginate/ Fe3O4NPs, alginate/ Fe3O4NPs-RGD/LF- were observed by SEM. First of all, it must be said that 
cross-section preparation for SEM observation was very complicated because the samples were very 
weak after lyophylization.  A SEM image for the alginate-AuNPs hydrogel is shown in the Figure 3.13. It 
can be observed that it shows an open and interconnected porous structure. This structure is beneficial 
as it would allow the diffusion of nutrients to the entire scaffold. Of course, AuNPs were not observed 
because of their low particle size  
 
 
 
  Report 
38   
  
 
 
 
 
 
 
 
On the other hand, Figure 3.14a shows a SEM image of an alginate-Fe3O4 hydrogel. The most 
remarkable fact is that Fe3O4 NPs are aggregated inside the hydrogel. An EDS elemental analysis 
highlighted that these aggregates consist of Fe3O4NPs (Figure 3.14.b)   
 
  
 
 
 
 
 
Figure 3.13 - SEM image of AuNPs sample morphology 
Figure 3.14 - a: SEM image of Fe3O4NPs-RGD/LF sample, b : elemental analysis of this SEM image 
 
NPs aggregates 
A B 
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3.4. Bacterial viability assays  
3.4.1. Bacterial adhesion assay  
Bacterial adhesion  assays were performed with bare alginate films as a reference and alginate films 
loaded with AuNPs, AuNPs-LF, AuNPs-RGD/LF, Fe3O4NPs and Fe3O4NPs-RGD/LF. Thus, the number of 
CFU for each condition are counted and an average number of CFU/cm² in the samples is obtained.  
A first bacterial adhesion  assay was performed with bare alginate, AuNPs and AuNPs-LF samples. The 
results are presented in the Figure 3.15.  
 
Figure 3.15. - Average number of CFU/cm² in samples of each condition 
From the first assay, we can observe than there are less bacteria in the AuNPs and AuNPs-LF samples 
than on the control, demonstrating the antibacterial properties of AuNPs. Nevertheless, there are 
more bacteria on the AuNPs-LF than on the AuNPs. The opposite was expected as the nanoparticles 
are functionalized with an antibacterial peptide like LF. Thus, this can suggest that the concentration 
of AuNPs functionalized with LF was lower than the concentration of non-functionalized AuNPs. It can 
also be linked to the aggregation observed in the AuNPs-LF dispersion (Figure 3.7). 
After that, a second bacterial adhesion assay was performed this time with alginate and alginate loaded 
with a new synthesis of AuNPs, AuNPs-RGD/LF, Fe3O4NPs and Fe3O4NPs-RGD/LF. The results are 
presented in the Figure 3.16.   
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Figure 3.16 - Average number of CFU/cm² in samples of each condition 
Thus, the numbers of CFU/cm² for alginate and AuNPs are in agreement with the results previously 
found. Moreover, the number of CFU/cm² in the AuNPs-RGD/LF sample is lower than the number of 
CFU/cm² in the alginate sample, which demonstrates the antibacterial effect. However, like previously 
observed with AuNPs-LF, the number of CFU/cm² in the AuNPs-RGD/LF is higher than the one in AuNPs 
sample. This is consistent as the functionalization of AuNPs with LF and RGD/LF encountered the same 
problems of aggregation. To conclude the bacterial agar plates assays, the antimicrobial properties of 
AuNPs have been demonstrated. However, the presence of the peptide did not seem to have an effect. 
Fe3O4NPs only showed a minor antibacterial potential. Unfortunately, the assay with Fe3O4NPs-RGD/LF 
samples was not successful. As seen on Figure 3.17, the number of CFU for these sample was not 
countable. The plates were probably not well seeded.  
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Figure 3.17 - Picture of agar plates with samples of Fe3O4NPs-RGD/LF 
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3.4.2. Live/Dead assay  
The bacterial viabilty of the hydrogel films was also studied with Live/Dead assays. As already 
explained, in a Live/Dead assay, all bacteria are stained with a green fluorescent dye and a red 
fluorescent dye is used to penetrate only damaged cells (i.e. dead bacteria). Thus, bare alginate, 
alginate loaded with AuNPs, , AuNPs-RGD/LF, Fe3O4NPs and Fe3O4NPs-RGD/LF samples images from 
confocal microscope observation are presented in the Figure 3.18.  
Conditio
n 
Live (Green) Dead (Red) 
Alginate 
  
Alginate 
+ AuNPs 
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Alginate 
+ AuNPs-
RGD/LF 
  
Alginate 
+ 
Fe3O4NPs 
  
Alginate 
+ 
Fe3O4NPs
-RGD/LF 
  
Figure  3.18 - Live/Dead bacterial viability assay results, for alginate sample, AuNPs sample, AuNPs-RGD/LF sample, Fe4O3 
sample and Fe4O3-RGD/LF sample 
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It is observable that alginate samples present the highest amount of viable bacteria (green), which is 
in agreement with the results of the agar assays. In this case, it can also be seen that the presence of 
both types of NPs reduces the number of adhering bacteria, verifying the antimicrobial properties of 
the NP. Functionalizing the NPs with the RGD/LF peptide does not seem to improve these properties.  
Finally, it was observed that the remaining bacteria on the samples were alive, as the intensity of the 
red staining was very low. This may be due to an inefficient staining or the loss of death bacteria during 
the washings.    
It is also interesting to note that there are more bacteria (green) on AuNPs-RGD/LF samples than on 
AuNPs, as previously observed with the agar test. This is also in agreement with the results of UV-visible 
and could be due to the observed agreggation of the AuNPs-RGD/LF.  
It is difficult to discuss about the antibacterial effect of the RGD/LF platform on Fe3O4NPs, as the images 
observed between functionalized and non-functionalized samples are similar.  
3.5. Cell viability assays 
3.5.1. Cells adhesion (2D) 
A cell adhesion assay was also performed with the films of alginate and alginate loaded with AuNPs, 
AuNPs-RGD/LF, Fe3O4NPs and Fe3O4NPs-RGD/LF samples. The confocal images are presented in the 
Figure 3.19 with and without FBS. As FBS helps cells attachment, cells should not get attach to the 
control without FBS. Moreover, the nucleus of the cells are stained in blue and their cytoskeletons are 
stained in red.  
 + FBS - FBS 
Alginate 
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Alginate + 
Fe3O4NPs-
RGD/LF 
  
Figure 3.19 - Confocal images resulting from cells adhesion assay on alginate hydrogel and alginate hydrogel loaded with NPs 
and NPs-RGD/LF 
Firstly, cells appear well attached, in particular in the presence of FBS, indicating the composite 
scaffolds seem viable for cells. Interestingly, in the absence of FBS, the number of cell increased in 
comparison with bare alginate and the NPs (both types). We can thus conclude that the platform 
RGD/LF promotes cells attachment, which responds to the cell adhesive properties of the RGD peptide. 
The cell adhesive effect of the peptide was particularly noticeable on Fe3O4NPs-RGD/LF samples.  
Moreover, we can see that the cells are well spread in the sample, except in the Fe3O4NPs sample, 
where cells preferentially grow in certain areas of the scaffold. This can be attributed to the non-
homogenous distribution of Fe3O4 particles forming aggregates within the hydrogel as previously 
observed by SEM, aggregates where cells can easily attach and grow.  
3.5.2. Cells proliferation (3D)  
Cells proliferation assay was also performed by incorporating the cells onto the 3D filaments to better 
mimick a real application. However, this assay is still ongoing and only results at t = 3 days are included 
in this report. Figure 3.20 shows the confocal images of the alginate-based filaments loaded with 
functionalized or non-funtionalized NPsat t=0 and t=3 days.  
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Alginate 
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Alginate + 
Fe3O4NPs 
  
Alginate + 
Fe3O4NPs
-RGD/LF 
  
Figure 3.20 – Comparison of confocal images of alginate-based filaments loaded with functionalized or not NPs the day of 
incorporation and 3 days after 
No conclusion could be directly drawn out of these confocal images about the proliferation, as the cells 
at t=3 are still round.  
Moreover, as explained in the experimental section, the fluorescence intensity of the samples is also 
measured and the results at t=3 are presented in the Figure 3.21. 
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Figure 3.21 - Fluorescence intensity for each condition at t=0, t=1 and t=3 
A higher fluorescence intensity corresponds to a higher number of cells, as cells are stained with alamar 
blue. As the fluorescence is higher at t=1 than at t=0 and higher at t=3 than at t=1, it means that there 
are more cells after 3 days and that cells are proliferating, which is a promising result. Howeover, it is 
difficult to conclude on the biological effect of the RGD/LF peptidic platform on cells viability yet.  
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4. Achievements and Work Perspectives 
A methodology to prepare alginate hydrogels loaded with either AuNPs or Fe3O4NPs has been 
reported. Moreover, NPs have been functionalized with an RGD/LF peptidic platform. However, the 
functionalization process has to be improved as the NPs aggregate in the presence of the LF peptide.  
The morphology of alginate-based hydrogel loaded with NPs has also been observed by SEM images, 
showing the porosity of the hydrogel, which is essential for tissue regeneration.  Nevertheless, a more 
effective and non-destructive way to observe the cross-section should be established to better 
characterize the hydrogel structure. Moreover, SEM observation of Fe3O4 NPs-loaded hydrogels  also 
show that iron oxide NPs are not homogeneously distribute inside the alginate, probably because the 
magnetic interaction between them. A future work could focus on aligning the magnetic nanoparticles 
with a magnetic field to get anisotropic hydrogels and study the influence of this anisotropy on the cell 
growth and proliferation. Moreover, the influence of an applied magnetic field on the cell growth inside 
the alginate-Fe3O4 hydrogel could be interesting. 
On the other hand, a noticeable reduction in the number of bacteria adhering to alginate was observed 
on the hydrogels loaded with the NPs. The peptide, however, did not seem to have an effect, which 
could be attributed to the aggregation of the NPs previously mentioned. Finally, an improvement in 
cell attachment in the hydrogels loaded with NPs demonstrates the ability of RGD peptide to favour 
cells adhesion.  
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5. Environmental Impact 
Nowadays, when developing a product, it is important to develop it by thinking about the minimization 
of environmental impacts during the life cycle of this product (raw material processing, manufacturing, 
distribution, use and end-of-life)  
Alginate, which is the main material used during this project is a biopolymer extracted from algae, was 
chosen with respect to the environment over other synthetic polymers. AuNPs, LF and RGD peptides 
were synthesized in our laboratory. Only Fe3O4NPs were bought and directly come from industry.  
For the manufacturing, the use of glass in the laboratory was preferred, otherwise plastic containers 
were reused as many times as possible.  
No distribution, packaging and product use were engendered by the project.  
Then all the residues issued from experiences were carefully recycled or selectively sorted in order to 
respect specific normative, especially for dangerous products. Chemical residues are collected in 
specific labeled containers and all contaminated disposable material is thrown in a special container to 
be treated by a specialized company. 
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Conclusion 
Throughout this project two multifunctional scaffolds for TE have been successfully developed. Two 
hybrids biomaterials with an alginate hydrogel matrix containing either RGD/LF peptides-
functionalized AuNPs or RGD/LF peptides-functionalized Fe3O4NPs have been conceived for potential 
applications in the field of regenerative medicine. The incorporation and functionalization of NPs are 
essential to bring bioactivity in the scaffold. Indeed, a functional scaffold should promote cell adhesion 
and also provides the biomaterial with antimicrobial properties.  
Due to the composite nature of the biomaterial, the process was divided into three stages: AuNPs 
synthesis, NPs functionalization with peptides, and film preparation with NPs incorporation. The AuNPs 
synthesis and conjugation with a linear peptide (either RGD or LF) had already been investigated by 
the research group. Here the process of functionalization has been successfully extended to the 
functionalization with the RGD-LF platform and to another type of metallic NPs: Fe3O4NPs.  
Most importantly, the structure of the alginate matrix have been observed thanks to SEM of the cross-
section. Also the bioactivity of the functionalized NPs have been highlighted and the biological 
characterization of scaffolds have been improved. Indeed, thanks to bacterial adhesion and Live/Dead 
assays, the ability of the AuNPs peptide to kill bacteria have been demonstrated and quantified. Finally, 
the ability of RGD/LF peptidic platform to also promote cells attachment has been proven.  
Nevertheless, the conjugation process with RGD/LF peptide has to be improved as well as the 
observation of the hydrogel morphology in order to discuss the effect of a magnetic field on a 
multifunctional scaffold.   
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Economic Analysis  
An economic analysis of all steps of the project and resourced used to realize these steps is detailed in 
the table below. The total cost of the project is estimated at approximately 10 213.23 €. 
The first step is the synthesis of AuNPs. The data below are for the synthesis of 2 batch of AuNPs 
Table 3 - AuNPs synthesis 
Product Quantity Price Cost (€) 
MQ water 220 mL 90€/1,5L 13,20 
Sodium citrate 200 mg 42,90€/kg 0,009 
Tetrachloroauric acid 20 mg 169€/500mg 6,76 
Reflux glassware setup 1 110€ 110 
Total   130 
The second step is the functionalization of AuNPs and Fe3O4NPs with RGD/LF peptides. 4 dialysis have 
been performed during 24 hours with sodium citrate, which was changed 3 times.  
Table 2 - NPs conjugation 
Product Quantity Price Cost (€) 
LF peptide 1 mg 100€/mg 100 
RGD peptide 1 mg 100€/mg 100 
RGD/LF peptide 2 mg 100€/mg 200 
Dialysis membrane 1 m 132,30€/30m 4,41 
2L beaker 1 19,30 19,30 
0,1M Sodium citrate 24 L  = 352,8 g 42,90€/kg 15,1 
Total   438,81 
Then the next step is the film preparation. 8 conditions were made: bare alginate,  alginate with AuNPs, 
alginate with AuNPs-LF, alginate with AuNPs-RGD/LF, alginate with Fe3O4NPs, alginate with Fe3O4NPs 
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under magnetic field, alginate with Fe3O4NPs-RGD/LF, alginate with Fe3O4NPs-RGD/LF under magnetic 
film. Around 5 mL of each was needed to do each sample (3,4%wt.) 
Table 3 -Films fabrication 
Product Quantity Price Cost (€) 
Alginic acid sodium salt 0,170*8 = 1,36 g 31,40€/250g 0,17  
Calcium chloride 1L = 14,7 g 112€/100g 16,46 
Distilled water  2L 0,60€/L 1,2 
Fe3O4NPs (10% wt.) 2*0,017 = 0,034 g 34,40€/5g 0,23 
Magnets 2 10€/unit 20 
Plastic container 8 160€/800 units 1,6 
Total   39.66 
Afterwards, characterization methods have been used with each sample previously mentioned.  
Table 4 – Characterization methods 
Technique Quantity (h) Price (€/h) Cost (€) 
SEM 10 110 1100 
Carbon coating 1 20 20 
FTIR  2 5 10 
UV-visible 4 5 20 
CLSM 10 30 300 
Total   1440 
Moreover, bacteria viability and cells adhesion assays have been performed. 2 Live/Dead, 2 bacterial 
adhesion assays, and 2 cells adhesion assays have been done.  
Table 5 – Cells assays 
Product Quantity Price Cost (€) 
Well plates 6 157€/75plates 12,56 
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Culture plates 40 138€/240 units 23 
BHI  74 g 36€/100g 26,64 
PBS 2 tablets 168€/100 tablets 3,36 
Ethanol 1L 25,5€/L 25,5 
Live/Dead BacLight 
Bacterial Viability Kit 
8 µL 612€/600 µL 8,16 
Tip 10 mL 50 2,60€/10 units 13 
Tip 200 µL 50 59,28€/960 units 3,10 
DMEM 200 mL 39,77€/500 mL 1,98 
FBS 10 mL 67,70€/50 mL 13,54 
Total   124,56 
Finally, there is a cost engendered by the staff.  
Table 6 - Staff 
Position Quantity (h) Price (€/h) Cost (€) 
Project director 60 60 3600 
Project co-director 30 60 1800 
Technicians 20 31 620 
PhD. student 40 50 2000 
Master student 720 - - 
Total   8020 
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